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ABSTRACT

Optical intersubband response of a multiple quantum well (MQW)-embedded microcavity driven by a coherent
pump field is studied theoretically. The n-type doped MQW structure with three subbands in the conduction band
is sandwiched between a semi-infinite medium and a distributed Bragg reflector (DBR). A strong pump field couples
the two upper subbands and a weak field probes the two lower subbands. To describe the optical response of the
MQW-embedded microcavity. we adopt a semi-classical nonlocal response theory. Taking into account the pump-
probe interaction, we derive the probe-induced current density associated with intersubband transitions from the
single-particle density-matrix formalism. By incorporating the current density into the Maxwell equation, we solve
the probe local field exactly by means of Green’s function technique and the transfer-matrix method. We obtain an
exact expression for the probe absorption coefficient of the microcavity. For a GaAs/Al;Ga;_;As MQW structure
sandwiched between a GaAs/AlAs DBR and vacuum, we performed numerical calculations of the probe absorption
spectra for different parameters such as pump intensity, pump detuning, and cavity length. We find that the probe
spectrum is strongly dependent on these parameters. In particular, we find that the combination of the cavity effect
and the Autler-Townes effect results in a triplet in the optical spectrum of the MQW system. The optical absorption
peak value and its location can be feasibly controled by varying the pump intensity and detuning.
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1. INTRODUCTION

In recent years modification of optical properties of few-level atomic systems through a strong coherent control
field has attracted much attention. It has been shown that the control-field-induced quantum interference and
electromagnetically induced transparency (EIT) can be utilized for enhancing conversion efficiency of sum-frequency
generation,'? for decreasing the threshold of switching in optical bistability,® for light amplification and lasing
without population inversion,*® and for suppression and enhancement of two photon absorption.® The same idea
of using control lasers in manipulating the optical properties was also applied to semiconductor quantum well (QW)
systems.!%-20 Compared to the atomic systems, the semiconductor nanostructures such as QW’s have an advantage of
feasible control of their electronic and optical properties by use of band-gap engineering. This unique feature makes
these semiconductor quantum structures more attractive for optoelectronic device applications. Since semiconductor
QW’s are different from atomic systems in many aspects, whether one can obtain phenomena in these quantum
structures similar to those of the atomic systems still remains to be explored. Previously, it was shown that the
optical interband absorption of a three-subband (two conduction subbands and one valence subband) QW structure
can be significantly reduced by applying a strong pump field to couple the two conduction subbands.!®16:20 Such
a reduction in the probe absorption is due to the coherent pump-probe nonlinear interaction in the QW system.
Under the condition that there is a population inversion between the upper and lower conduction subbands, it
was also predicted that gain without inversion (GWI) for the interband probe field is possible in the intersubband-
pumped three-subband QW system.!® Optical intersubband response of a single quantum well driven by a coherent
intersubband pumping has also been discussed.!%1217:19 Gain with and without population inversion was predicted.'®
In the far-infrared (THz) frequency range, the optical gain due to population inversion and Raman processes in
optically-pumped step quantum wells was also calculated.?!

It has also been shown that the intersubband optical properties of quantum wells can be modified by placing
them in front of a mirror?? or inside a cavity.?®> The electromagnetic interaction between the cavity mode and
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intersubband spacing between the two highest-lying subbands of the QW and the probe field excites the intersubband
transition between the two lower subbands {see Fig. 1). For a symmetric QW system considered in this paper, the
intersubband transition between subbards 1 and 3 is electric-dipole forbidden. Moreover, it is assumed that only the
first subband is thermally populated. Thus, the strong pump field essentially couples the two empty subbands. The
pump beam does not induce the popu.ztion redistribution among the three subbands. The local-field correction to
the pump field can be neglected. Howe~er, we stress that the local-field effect for the probe field has to be taken into
account because it involves a populatec subband (the ground state).

In order to calculate the probe oprical absorption spectrum of a MQW structure in the presence of the strong
pump field, let us first derive the probe-induced current densities associated with electronic intersubband transitions
for a single QW. To this end we start by writing the total Hamiltonian of the QW system coupled by a strong pump

and a weak probe flelds. i.e.,
H:H0+H,+Hrandom , (1)

where Hp is the light-unperturbed Hariltonian, H' is the interaction Hamiltonian, and H,qndom is a Hamiltonian
accounting for the random perturbatior. on the system by the thermal reservoir around the system. In the following
we shall assume that the random thermal perturbation can be described in a simple relaxation-time approximation.
In the gauge in which the scalar potential of the light field is zero, the interaction Hamiltonian reads as

€

H=—@F4d+1p, (2)

2m*

where m~ denotes the effective mass of the electrons, and p'and 1 are the momentum operator and the vector potential
describing both the pump and probe fields, respectively. Since in this paper we are interested in the resonant optical
intersubband response. we have negleczed the .1 - . term of the interaction Hamiltonian. Due to the slab geometry
of the QW structure, the local electric deld, which is related to the vector potential via E(w, ) = iw -1(.‘, ), takes
the following form

E(w, 7 = E(w, ) exp (ig) - ) - (3)
The eigenstate of the QW system in the absence of the light field can be written as

- 1 L
Ink”) = 2—7T €xXp (1]6” . r“)wn(z) y (4)
and the eigenenergy E, (k) is determined from

Hy[nky) = En(ky)Ink) . (5)

The explicit expression for Hy in the effective-mass approximation can be found, for example, in Ref. 24. Note
that, since for the highly doped QW structure considered here the conduction band nonparabolicity?* becomes
important, we have taken into the nonparabolic dispersion of the electronic subbands in the calculation of the light-
induced current densities. Thus the subband separation [E,(kj) — En- (k)] in general depends on the wave vector
k), where E (k) = E, + hik? /(2m”n) gives the subband energy dispersion, with m, being the so-called parallel

effective electron mass of the quantum well, which originates in the conduction band nonparabolicity effect. 24 The
single-particle envelope wave functions _Ln(z) (n=1, 2, and 3)] and the corresponding energy eigenvalues [E,, (n=1,
2, and 3)] are calculated selfconsistently by solving the coupled one-band effective-mass Schrédinger equation and
Poisson equation, with taking into account the exchange and correlation effects in the local density approximation.2®
Because, under usual experimental conditions, the wave number of the light is several orders of magnitude smaller
than the Fermi wave number of the electron, it is reasonable to assume that the intersubband transition is vertical,
namely the transition occurs at the same in-plane wave vector EII' Therefore, in the representation of Eq.(4), the
equations of motion for the diagonal and off-diagonal elements of the density operator can be written as

., 0 nn ih ’ ' -
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Figure 1. A schematic diagram showing the MQW-embedded microcavity excited by a pump field and probed by
a weak probe field. The pump-probe level scheme is also displayed.

the electronic intersubband excitations leads to the so-called normal-mode or vacuum-field Rabi splitting of the
intersubband absorption spectrum.?® Therefore, one would expect that a combination of the cavity effect and pump
field provides more feasible control of the optical properties of the quantum well system. In this paper we present
a theoretical study of intersubband response of a multiple quantum well (MQW)-embedded microcavity driven by a
coherent pump field. We show that the optical absorption spectra of the MQW system can be significantly modified
by varying the pump intensity. detuning. and the cavity length. The fundamental framework of our theory is the
Maxwell-Lorentz equation coupled with the light-induced intersubband current density. The probe-induced current
density is derived from the single-particle density-matrix formalism. By using a combined Green’s function and
transfer-matrix method, we obtain the local field for the probe field and derive a rigorous expression for the optical
absorption coefficient of the microcavity.

The present paper is organized as follows. In Sec. 2 we present the framework of our nonlocal response theory
and a derivation of the probe-induced current density associated with intersubband transitions. Detailed numerical
calculations of probe absorption spectra are given in Sec. 3. Finally we make a conclusion in Sec. 4.

2. THEORY

We consider a n-type doped three-subband MQW structure sandwiched between vacuum (e3(w) = 1) and a dis-
tributed Bragg reflector (DBR) constructed from N, periods of two alternating component media having dielectric
constants of ;(w) and £4(w). The DBR is limited by a semi-infinitely extended medium ¢, serving as a prism.
A schematic illustration of this MQW-embedded microcavity structure is given in Fig. 1. The barrier layers are
characterized by a dielectric constant of z2(w). The total quantum well number in the MQW strucure is V. In a
Cartesian ryz coordinate system, it is assumed that z axis points along the direction normal to the interfaces of
the QW structure, and that the DBR-medium 2 and media 2-3 boundaries are positioned at z = 0 and z = 4\,
respectively.

Let us now consider the situation where a weak probe beam of angular frequency w is incident at an angle
from the prism onto the MQW structure. The angle of incidence is so chosen that the probe light is totally reflected
from the barrier-vacuum interface. Thus. the strength of the Fabry-Perot microcavity effect for the probe field can
be controlled by the DBR period number V,,. Furthermore, we assume that a strong pump field (also called control
field) of a frequency w, is incident onto the MQW structure from the edge of the structure with the pump-field
polarization along the well growth direction (z axis). Therefore, the cavity effect on the pump field can be neglected.
The probe field is assumed to be p-polarized because we are interested in optical intersubband transitions in the
QW system. Without loss of generality. we position the scattering plane of the weak probe wave in the zz plane,
and the parallel (z) component of the wave vector of light thus is ¢ = (w/cp)/€1sin 8, co being the light velocity in
vacuum. Futhermore, we limit our consideration to the case where the pump frequencies are in the vicinity of the



where wnn (k) = [Enlk))—Ey 'ky)]/h. and 7 and 7; are phenomenological intrasubband and intersubband relaxation
times. respectively. Note that in Eq.(6) pﬁf’,Z is the equilibrium diagonal element, hence the Fermi-Dirac distribution
function, i.e., p(,f),l = falky). For a three-subband QW system, and in the rotating-wave approximation (RWA), we
solve Egs.(6) and (7) in the frequency domain. Keeping only the resonant terms of the density matrix elements and
recalling the fact that the probe beam is weak ( the Rabi frequency for the probe field is almost zero), we obtain the
following coupled equations

hw ~ war (ko + i/mlp2r(w) = [filky) = falky)] Hay(w) + [Hia (wp)]" pa1 (w + wp) (8)

hiw 4+ wp —wai(ky) + i/m)psi(w + wp) = Hyg(wp)par (w) - (9)

After solving po;(w) from Egs.:%) and :9), one can calculate the probe-field induced current density as follows:
Jiw, ) = 2// W[M(“)Jm(ﬂ] . (10)

where 7 is the current density operator. and the factor of 2 in front of the integral symbol arises from the electron
spin. Noting the fact that

J(wvﬂz‘](wuz)exp(id'll'f’ln ) ' (11)
and that z component of the local electric field dominates the contribution to the intersubband current density, one
obtains, after some algebraic manipulations, that the dominant component of the probe-field-induced current density
is given by
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In Eqgs. (15) and (16), E.(z) and E, are the local electrical field for the probe field across the QW and the pump
fleld amplitude, respectively. The quantity Q in Eq. (14) is the Rabi frequency for the pump field. The local field
E.(z) will be solved from the Maxwell equation.

To calculate the probe absorption coefficient of the MQW-embedded microcavity, we incorparate the probe-
induced current density in Eq. (12) into the Maxwell equation. Since there exist the direct and indirect (through
the multiple reflection of light inside the cavity) electromagnetic coupling among the quantum wells in the MQW
structure, the local-field spatial distribution for each quantum well has to be solved selfconsistently from the Maxwell
equation. Following Ref. 23, we solve the wave equations for the MQW-embedded microcavity by using a combined
transfer-matrix and Green’s-function method. We then obtain the amplitude reflection, transmission, and hence
absorption coefficients of the MQW structure (for the probe beam). The explicit results for the probe fleld absorbance
are the same as those given in Ref. 23 except that a{™ (w) in Eq. (24) of Ref. 23 should be replaced by

poeh / -
—— ky) — f20k)]=(ky Y kydky . 18
T (m)? (filky) = f2(R))IE(k)) Ky dRy (18)
In Sec. 3 we shall present numerical calculations of the probe absorption spectrum of a GaAs/Al,Ga;- As
MQW structure subjected to a pump field. We will pay special attention to the interplay of the cavity effect and
Autler-Townes effect on the probe absorption spectrum.
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Figure 2. Probe absorption spectra of a MQW structure without the DBR for different pump intensities, i.e., AQ=0,
3, 6,9, 12, and 15 meV. The pump photon energy is fw, = E32(0)=123.6 meV. For clarity, we shift the absorption
spectra vertically for nonzero pump intensities.

3. NUMERICAL RESULTS AND DISCUSSION

In this section we present a numerical study of the light-controled modification in the optical properties of a MQW
structure inside a microcavity. We take as a numerical example a GaAs/Alg 4GagsAs MQW sandwiched between
vacuum (¢3 = 1) and a GaAs/AlAs DBR followed by a GaAs prism. In our calculations the following material
parameters are employed: the barrier height is 318 meV, m*=0.067mg, &1 ~ 10.9, e & 10.0, and &4 ~ 8.4.2% As
usual, the static dielectric constant is taken to be ¢, = 13.0. The MQW structure is modulation doped with a sheet
electron concentration of 5x10!'! cm~? per well. The well width is taken to be 100 A. Using these parameters, we
find the energy spacings between the two lowest-lying subbands of the QW and between the two upper subbands
at ky = 0 are E5;(0)=37.9 meV and E5;(0)=123.6 meV, respectively. The calculated parallel effective masses are
mﬁl = 0.0725mg, my, = 0.0841mo, and m."|3 = 0.10lmg. The angle of incidence is taken to be § = 55°. The
thicknesses of GaAs and AlAs layers forming the DBR are L;=1.732 and L4=3.147 um, respectively. These values
of the GaAs and AlAs thicknesses are so chosen that g;1L1 = g 4Ls = m/2 at the central frequency of 94.5 meV,
where qi) and g4 are the perpendicular components of the light wave-vector in media 1 (GaAs) and 4 (AlAs),
respectively. For the intrasubband and intersubband relaxation times, we choose k/m; = h/73 = 1.5 meV. The total
number of the quantum wells used in the calculations is N=10. The distance between the adjacent quantum wells is
200 A. In addition, we assume that the MQW is placed at the center of the cavity.

To obtain a clear understanding how the combined cavity effect and the intersubband pumping influences the
probe absorption spectra of a MQW structure, it is instructive to first study separately the cavity and pump-field
induced change in the probe absorption spectra. In Fig. 2 we show the pump-probe absorption spectra of the MQW
system without the DBR (N,, = 0) (hence the cavity effect is negligibly small) at different pump intensities or Rabi
frequencies, i.e. A2=0, 3, 6, 9, 12, and 13 meV. Note that the absorption coefficient calculated in this work indeed
is the optical absorbance, namely, 1 — R, — T, where R, and T), represent the probe reflectivity and transmittance,
respectively (T,=0 in our case because the light is totally reflected from the barrier-vacuum interface, as mentioned
before). The pump photon energy is h.,=123.6 meV, which is equal to E3;(0). We see from Fig. 2 that, in the
absence of the pump field, there is one resonant absorption peak appearing somewhat above the energy spacing Ea
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" Figure 3. Comparison of probe absorption spectra of a MQW structure with and without the local-field effect.
The pump Rabi frequency is #Q2=10 meV. The pump photon energy is fiw, = E32(0)=123.6 meV. The DBR period
number is .V,,=0.
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Figure 4. Absorption spectra of a MQW structure inside a cavity at different cavity lengths, i.e., A=3.0, 3.5, 4.0,
4.5, and 5.0 pm. The pump field is absent. The DBR period number is N,,=4. The absorption spectra at different
cavity lengths are vertically shifted for clarity. The curve labelled by “Without cavity” represents the result obtained
when the DBR period number is .V, =0.
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Figure 5. Probe absorption spectra of a MQW structure inside a cavity at different pump Rabi frequencies, i.e.,
RQ=0, 3, 6, 9, 12, and 15 meV. The pump photon energy is hw,=FE32(0)=123.6 meV. For clarity, we shift the
absorption spectra vertically for different pump intensities.
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Figure 6. Peak position versus the pump Rabi frequency. The filled and open symbols represent the results with
(Nm = 4) and without (N, = 0) cavity effects, respectively. The pump photon energy is hw, = F3,(0)=123.6 meV.



and the FWHM width of the absorpticn peak is wider than 2A/7>=3.0 meV used in the calculations. The blueshift
of the absorption peak compared to the ‘ntersubband separation and the line-width broadening of a MQW structure
are due to the local-field effect.?® Note -hat the local-field blueshift of the absorption peak is also well known as
the depolarization shift in the literatur=. We also see that the absorption spectrum is asymmetric with respect to
the resonant peak because of the cond-:-ion band nonparabolicity effect. In rhe presence of the pump field. we see
from Fig. 2 that the absorption peak is =ssentially splitted into two and the energy splitting becomes larger as the
pump Rabi frequency is increased. Thiz phenomenum is referred to as Autler-Townes effect that was observed in
atomic systems. We also note that, when the pump Rabi frequency is small (say A{Q2 less than 10 meV), the Autler-
Townes split is quite asymmetric (the lcwer-energy peak is smaller than the higher-energy peak) although the pump
photon energy is equal to the energy spacing E3;(0) between the two upper subbands. To understand this result,
we compare in Fig. 3 the probe spectra with and without the local-field effect in the calculations. Neglecting the
local-field effect means that the local field is replaced by the external field when we calculate the absorption spectrum.
Thus the local-field correction to the ex-=rnal field due to the quasi-two-dimensional electron gas is neglected. In the
calculations of Fig. 3. we used A?=10 meV and hw, = E33(0). We see from Fig. 3 that without the local-field effect
the Autler-Townes splitting is almost svmmetric. (The split is not perfectly symmetric because the conduction band
nonparabolicity effect slightly reduces the energy separation between the two upper subbands.) With the local-field
effect taken into account. the overall spectrum is blueshifted and the lower-energy peak is obviously smaller than the
higher-energy peak. Thus, it is quite clear that the asymmetric Autler-Townes splitting in Fig. 2 is mainly due to
the local-field effect.

Let us now investigate the cavity effect on the absorption spectra without the pump field. In Fig. 4 we show the
absorption spectra of the MQW structure inside a cavity at different cavity lengths, i.e., A= 3.0, 3.5, 4.0, 4.5, and
5.0 um. For comparison. we also displa+ the spectrum without the cavity effect. In Fig. 4 the DBR period number
is N,=+. We see from Fig. 4 that the absorption spectrum is also splitted when the cavity effect is included and the
energy splitting and the peak heights of the absorption doublet are strongly dependent on the cavity length. The
cavity-induced splitting is attributed to the coupling between the cavity mode and the intersubband excitation of
the MQW structure.®?

After having discussed separately the cavity and pump-field effect on the absorption spectra, we are ready to
study the probe spectra when the two effects are simulatenously present. In Fig. 5 we show the probe spectra of a
MQW structure inside a cavity at different pump intensities, i.e., A2 =0, 3, 6, 9, 12, and 15 meV. For comparison,
we also display the absorption spectrum in the absence of both cavity and pump field, which is labelled by "Without
cavity”. In Fig. 5 the cavity length is A=4.0 um and the DBR period number is .V,,=4. The pump photon energy is
hw,=123.6 meV. Fig. 3 shows that there exist three peaks in the probe spectrum when the cavity and pump field are
present. The peak locations and heights are strongly dependent on the pump intensities. This triplet in the probe
spectrum is due to the electromagnetic coupling between the cavity mode and Autler-Townes splitted intersubband
resonances. In Fig. 6 we compare the peak position dependence of the pump Rabi frequency with (filled symbols)
and without (open symbols) the cavity effect. We see from Fig. 6 that the cavity effect mainly influences the highest-
energy peak. At low pump intensities there is an obvious difference between the results with and without the cavity
effect. However, as the pump Rabi frequency is increased, the difference becomes smaller. For the lowest-energy
peak, the results with and without the cavity effect are very close even when the pump field is weak. The central
peak is related to the cavity resonance. Owing to the interplay of the Autler-Townes effect and the cavity effect, the
position of the cavity-related peak is also dependent on the pump intensity, as shown in Fig. 6.

From the application point of view. it is interesting to see how the probe absorption is controled by the pump
field. In Fig. 7 we show the pump intensity dependence of the probe absorption of a MQW structure inside a cavity
at different probe photon energies, i.e., Awu=90, 95, and 100 meV. As in Fig. 3, the cavity length is A=4.0 um and
the DBR period number is N,,=4. The pump photon energy is hw,=123.6 meV. We see from Fig. 7 that the pump
field can either reduce or enhance the probe absorption, depending upon the probe frequency.

Finally we study the pump detuning on the pump-probe absorption spectra of a MQW structure inside a cavity.
In Fig. 8 we show the probe spectra at different pump detunings, i.e., hw, — E32(0)=-10, -5, 0, and 5 meV. The pump
Rabi frequency is #Q2=15 meV. It seems from Fig. 8 that the pump detuning has a strong influence on the sidebands
but a rather weak effect on the central peak. This is because the sidebands are related to the Autler-Townes doublet
and the central peak is mainly determined by the cavity resonance. Owing to the mutual coupling, however, the
three peaks are dependent on the pump detuning.
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Figure 7. Probe absorption of a MQW structure inside a cavity as a function of the pump Rabi frequency at
different probe photon energies. i.e., Aiw=90, 93, and 100 meV. The pump photon energy is hw,=FE3,2(0)=123.6 meV.
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Figure 8. Probe absorption spectra of a MQW structure inside a cavity at different pump detunings, namely
fwp — E32(0)=-10, -5, 0, and 3 meV. The pump Rabi frequency is AQ2=15 meV.



4. CONCLUSION

In a nonlocal field theory, we have stidied the probe optical intersubband response of a multiple quantum well-
embedded microcavity driven by a cohsrent pump field. For a three-subband QW system, we derive the probe-
induced current densitv associated witf ‘ntersubband transitions from the single-particle density-matrix formalism.
By incorporating the current density into the Maxwell equation, we solve the probe local field exactly by use of
a combined Green’s function and transfer-matrix method. For a GaAs/Al;Ga;_;As MQW structure sandwiched
between a GaAs/AlAs DBR and vacuum. we performed numerical calculations of the probe absorption for different
parameters such as pump intensity, pump detuning, and cavity length. We find that the combination of the cavity
effect and the Autler-Townes effect results in a triplet in the optical spectrum of the MQW system. The pump field
provides a feasible control of the optical absorption peak value and its location.
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